Tomato plants were grown using a rockwool-based drip culture, and the nitrous oxide (N2O) emission from the rhizosphere was precisely observed using an automatic monitoring system. Fertilization was intermittently conducted four times daily for 1 h each time (the standard conditions). Basically, N2O emissions were very quick and exact responses against the fertilization. Under the standard conditions, N2O emissions started within 30 min and peaked within 90 min from the beginning of each fertilization, and more than 90% of all emissions occurred within the 2 h following fertilization. The number of peaks and duration for N2O emissions altered synchronously with the fertilization. On the other hand, the maximum rate and the total amount of N2O emissions did not always reflect the fertilization quantity. For example, halving the concentration of the fertilizing solution decreased both the maximum rate and total amount of N2O emissions to approximately one-fifth of that observed under the standard conditions. The observed N2O emissions varied 1.0 4.6% of applied nitrogen among three trials under the standard conditions. It is possible that another factor, such as crop size and vigor, affect the emission. The monitoring would allow us to know the optimum timing and quantity of fertilization.
INTRODUCTION
Recent estimates suggest that the average annual nitrogen (N)-use efficiency of crops (i.e., the ratio of uptake N to applied N) is 40 50% at the global level (Cassman et al., 2002; IFA, 2007; Brentrup and Palliere, 2009; Conant et al., 2013) . Although such low N-use efficiencies are partly due to losses through physicochemical phenomena such as volatilization, leaching, and runoff/erosion, processes related to soil microbe activities (i.e., nitrification/ denitrification) are considered to be the major cause (Conrad, 1996; Mosier et al., 2004; Baligar et al., 2007; IFA, 2007) . One such loss, nitrous oxide (N2O) emission, is observed as a by-product of nitrification and a product of one of the steps of denitrification. N2O is a greenhouse gas (GHG) whose warming effect is approximately 320 times that of carbon dioxide (CO2); accordingly, it constitutes approximately 6% of the total effect of GHGs (IPCC, 2006) . Agriculture accounted for approximately 60% (i.e., up to 6 Tg N2O-N) of total global anthropogenic N2O emissions in 2005, and is expected to reach more than 1.2 times the present level by 2030 (Reay et al., 2012; Kanter et al., 2013) . Thus, low N-use efficiency is a major concern not only in agro-economy but also for the global environment.
N2O emissions can be taken as a proxy for the other products of nitrification/denitrification and N losses (Mosier et al., 2004; Zaman et al., 2012; Wunderlin et al., 2013) . For example, NO2 concentration increases in pro portion to the N2O-N/NH4 -N ratio in a one-stage nitritationanammox sequencing batch reactor for wastewater treatment (Wunderlin et al., 2013) . The approximation of N losses via monitoring of N2O emissions will also be possible in agriculture and may help to improve the N-use efficiency of crops through better fertilization (e.g., Saggar et al., 2004; Hénault et al., 2005) . However, the approximation in agriculture contains some difficulties due to problems in monitoring N2 O emissions in the rhizosphere, which are encountered in monitoring the batch culture. For example, N2 O emissions in the rhizosphere are always diffusible and low in concentration, and they are sometimes affected by complex factors (Bekku et al., 1997) . In addition, short-interval/frequent monitoring is required for precise observations of possible quick responses (Daelman et al., 2013; Wunderlin et al., 2013) . One form of hydroponics, a drip culture system using rockwool as a medium to support plant roots (the rockwool culture), is very popular for use in the production of fruits and vegetables (Jones, 2005; Van Straten et al., 2011) . In this system, the nutrient solution is supplied periodically as drips, and the system is typically designed to minimize wastewater (Resh, 2012 , 1997) . Accordingly, the rockwool culture provides a more controllable and simpler rhizospheric function (e.g., nutrient, water, and oxygen supply) than soil culture, meaning that the rockwool culture would be a good model for improving the N-use efficiency of crops. However, to our knowledge, there are few studies showing N2O emissions from hydroponics, including the report of WaechterKristensen et al. (1997) . One study, by Daum and Schenk (1996a) , demonstrated comparatively constant N2O emissions throughout the cultivation period of cucumbers using a rockwool system. Subsequently, Daum and Schenk (1996b; obtained additional knowledge regarding N2O emissions from rockwool cultures, including the effects of solution pH, applied N concentrations, and plant growth stages on N2O emissions. In addition, our previous study demonstrated that N2 O emissions from a tomato rockwool culture were affected mainly by the amount of applied N, but not by factors in the microcosm . Nevertheless, knowledge of N2 O emissions from hydroponic cultures remains scarce, particularly regarding short-interval responses to fertilization. Here, we applied a set of newly developed automated apparatus for sampling and measurement of N2O emissions from a tomato rockwool culture. Our results represent the first example of continuous short-interval/frequent monitoring of N2O emissions in a hydroponic rhizosphere, which enables us to see almost real-time and precise effects of fertilization on N2O emissions.
MATERIALS AND METHODS

Tomato culture
Tomato plants (Solanum lycopersicum L. cv. Momotaro 8) were seeded on a 10 cm cube of rockwool (Grotop Master, Grodan, The Netherlands) in mid-January 2013 and pre-grown for approximately one month with appropriate fertilizations in an air-conditioned greenhouse located in Abiko, Japan (located at 35.87815°N, 140.02487°E
). The pre-grown seedlings (approximately 30 cm in height) were transplanted with the cube rockwool to a Wagner pot (1/2000a area, 252 mm diameter, 300 mm height; Fujiwara Science Co., Ltd., Japan), in which another mass of rockwool (forming a 20 cm layer) was laid on the bottom. This configuration was incubated under examination conditions for several weeks. The examination conditions corresponded approximately to those for practical tomato culture, with the exception of the characteristics of the sampling apparatus. The air temperature was controlled at 25 5°C, whereas the air humidity was allowed to vary naturally in response to various daily events. It should be noted that the entire greenhouse was covered with a cheese cloth (light shielding ratio: 40%) to prevent overheating of the glasshouse temperature by solar radiation. Consequently, solar radiation in the greenhouse was much lower than natural levels during the experiments (data not shown).
The nutrient solution was prepared from a commercial premixed fertilizer (the A-type formula of Otsuka House TM fertilizer, which uses the premixed fertilizer series No. 1 and No. 2; Otsuka AgriTechno Co., Ltd., Japan) according to the manufacturer's recommendations (standard fertilization conditions; 0.375 dilution, EC 1.0 dS m 1 , pH 6.0). The applied ratio of ammonium-N and nitrate-N was 0.51 and 0.47 of 1.00 in total, respectively. The fertilization was typically administered four times daily at set times, unless otherwise described. Approximately 80 ml of the nutrient solution was dripped for 1 h in each instance of nutrient supply (e.g., a total of 320 ml of solution containing 901 mg m 2 d 1 [ 31.2 mg per pot] of N was applied per day for the standard fertilization condition, Table 1 ). Further description of the design of individual experimental blocks is provided in the following sections.
Sampling and measurement apparatus Gas samplings and measurements of the greenhouse atmosphere (i.e., the background; BG) and the rhizosphere (RS) were conducted automatically and in parallel using an apparatus that was developed originally for the present experiment ( Figs. 1 and 2 ). The apparatus was divided into three main lines: A, the sampling/plant growth line (Figs. 1A and 2A) ; B, the dehumidification line (Figs. 1B and 2B); and C, the control/measurement line (Figs. 1C and 2C) . The sampling/plant growth line was basically designed according to the closed chamber method (Bekku et al., 1997) , although the chamber could keep the ventilation Environ. Control Biol. at regular intervals. Accordingly, the sampling chamber (i.e., the plant growing pot; Figs. 1A and 2A) was closed with a lid; however, the lid was equipped with a valve for ventilation, and the valve could be opened and closed automatically by a signal sent from a sampling sequencer (GII Techno Co., Ltd., Kanagawa, Japan). Ordinarily, the valve was left open to take in fresh air from outside the pot, in conjunction with a vacuum pump in the control/measurement line, and was closed during accumulation of emitted gases to allow sampling. The ventilation/sampling air flow Vol. 52, No. 3 (2014) rate was 0.4 L min 1 and ventilation continued throughout the preset time. Conversely, sampling was stopped automatically when the pressure of the measurement chamber (2.3 L; Figs. 1C and 2C) reached 1.33 10 4 Pa (100 Torr). The ventilation/sampling air was forced to exit through the measurement chamber by the serial vacuum operation including purge process before each measurement. In addition, another pump was controlled to act synchronously with the ventilation valve to blow up/deflate a balloon in the pot keep to internal pressure constant for avoiding outside air and forced-inner-rockwool air contamination in the pot during sampling (Fig. 1A) . Consequently, the pot accumulated sufficiently high concentrations of the emitting gases to allow measurement without major changes in typical greenhouse cropping conditions.
The flow of the nutrient solution was shown in part of the sampling/plant growth line; however, it was regulated independently from the other apparatus using a peristaltic pump (Fig. 1A) . Thus, the nutrient solution flow could be controlled independently (i.e., with different settings for different experimental designs) without requiring changes in the other conditions. The dehumidification line was maintained independently from the other lines and was always under operation ( Fig. 1B ) and involved primarily an air compressor and dehumidifiers (Perma Pure dryer © , GL Science Co., Ltd., Tokyo, Japan).
The control/measurement line (Figs. 1C and 2C) consisted primarily of a vacuum pump, a laser source, a laser amplifier, a photodetector, a measurement chamber, a sampling sequencer, and a PC. The full system of the control/-measurement line includes analyzing software (NTT Photonics Labs, Kanagawa, Japan). In particular, the combined laser source and analyzing software were developed specifically to detect low concentrations of N2O using a mid-infrared gas analysis technique (Tokura et al., 2013) . That is, the detection limit of this system is 35 ppbv, which is comparable to that of ECD gas chromatograph. For more details, such as dynamic range, standardization procedure, and diversity should refer to the previous reports (Tokura et al., 2013) . To allow calculation of N2O emissions, BG was also measured in parallel with the rhizosphere observation for reference (data not shown). The average concentration in the greenhouse was 480 19 ppbv (from March 1, 2013 to April 15, 2013). This was considerably higher than the natural atmospheric N2O concentration (319 ppbv; Forster et al., 2007) . We attribute this higher concentration in the greenhouse to the presence of a closed structure with automatic ventilation via a HEPA-type filter.
Experimental blocks Basically, three comparable experiments were conducted in total. These experiments differed in terms of fertilization conditions, including fertilization duration, concentration, and timing (Table 1 ). In particular, the experiments were designed to investigate the effects of fertilization during the night (i.e., nighttime fertilization; Experiment 1), the effects of halving the concentration of fertilizer applied (half-concentration fertilization; Experiment 2), and the effects of the fertilization time span (i.e., half-hour fertilization and continuous fertilization for four hours; Experiment 3) on N2O emissions. Experiment 2 was designed such that it also allowed investigation of the effects of biomass (reduced biomass condition). To achieve this, the tomato plant was cut almost in half (height-wise) during observation under the standard fertilization condition. The total and reduced biomass were 1.5 kg-FW (approximately 2.3 m in height and 300 g-DW; the biomass sizes in the other experiments were similar to this at the end of the experiments) and 835 g-FW (approximately 1.1 m in height and 172 g-DW), respectively, according to the resting biomass at the end of the observation period in Experiment 2. In addition, a supplemental experiment (i.e., 14-times fertilization) was conducted to see the effect of fertilization frequency.
One each tomato plants was provided for individual experimental block (i.e., Experiment 1, 2, and 3) to compare the effects of different experimental conditions owing to restrictions imposed by the observation system and because seasonal/meteorological conditions and differences in growth characteristics between individual plants could increase the error associated with the results. However, repeated observations were obtained on at least three consecutive days to enable statistical comparison, except in the case of nighttime fertilization. Additionally, each experiment contained an observation representing the standard fertilization condition, thus providing a common reference for comparison between blocks. Furthermore, each experiment was repeated at least twice to confirm the observed trends, although only typical datasets are presented in the tables and figures.
Calculation of N2O emissions, data description, and statistical analysis
The amount of N2O emitted was calculated from the difference between the N2O concentration in the rhizosphere (RS) and the reference greenhouse atmospheric gas concentrations (BG). The results are presented as emission rates standardized per hour per square meter (mg-N2O h 1 m 2 ; the emission rate per hour per pot was divided by pot bottom area; 0.035 m 2 ). The unit would enable a direct comparison of the present results and the results in literatures and a practical cropping in future. The sampling interval was set to 30 min; thus, the data were plotted sequentially every 30 min, regardless of the fertilization rate. In more precise, this duration of 30 min was constituted of a ventilation period (14 min), a sample-gas accumulation period (3 min), a sample-gas measurement period (1min), and a BG-gas measurement and line purging period (12 min in total). In addition to the emission rate, we also obtained data related to exact emission timings (in minutes): the start time of emission, measured with respect to the first fertilization in a given day; the timing of peak emission, measured with respect to the beginning of each fertilization, and the end of emission, measured with respect to the beginning of the last fertilization in a given day (Fig. 3) . Rounded minute by 30-min intervals (i.e., 30 min, 60 min, 90 min, and so on) were used to compare the timings (i.e., start, peak, and end of emission) for different experimental conditions. The start (end) of emission was judged to occur when emissions increased above (decreased below) 0.11 mg-N2O h 1 m 2 ; this value represents the average concentration of N2O in the greenhouse atmosphere converted to an hourly emission rate from the sampling chamber. Furthermore, the ratio of the emission achieved within 2 h following each fertilization to the total emission in the associated day (RSE2h) was calculated. The N2O emissions were integrated to obtain daily emissions and used to calculate the total N2 O-N losses (RNL; given as percentage losses with respect to the N applied through fertilizer). The data were subjected to several statistical analysis techniques, including Dunnett's multiple comparison procedure, the Student's t-test, or the Aspin Welch t-test using the Kyplot (version 4.0; KyensLab Inc., Tokyo, Japan) and Origin (version 6.1J; OriginLab Corp., MA, USA) software packages. Differences were considered to be statistically significant at P 0.05. It should be noted that the data describing the ratio of N lost to N applied were analyzed after angular transformation.
RESULTS
Effects of fertilization frequency and timing on N2O emission N2O emission rates increased almost synchronously with fertilization (Figs. 4 and 5) , with peaks in N2O emission typically corresponding to instances of fertilization. In maximum case, 14 separate peaks were detected each day, although these peaks often merged at their bases to form one large peak (i.e., with 14 small peaks superimposed) for each day (Fig. 5) . The resulting peaks are typically very sharp, although emissions tailed off slowly by comparison to form peaks that are typically asymmetrical. For example, for the standard fertilization condition of Experiment 1, the timings of the start, peak, and end of emission were up to 30 min and 90 min from the beginning of fertilization and 720 min from the end of fertilization, respectively (Fig.  4 and Table 2 ). The majority of the emission process was typically completed within 2 h after fertilization under the standard fertilization condition; thus, RSE2h was 95 98%. The peak emission rate was 20.5 mg-N2O h 1 m 2 on average (Experiment 1 of Table 2 ). Moreover, the total daily N input (TNI), the total daily N2O-N emissions (TNE) and the ratio of total daily N loss (RNL; TNE/TNI) were 901 mg m 2 d 1 , 41.6 mg m 2 d 1 , and 4.6%, respectively, on average (Experiment 1 of Table 3 ).
When fertilization was shifted from daytime to nighttime, the timing of emission also shifted to nighttime; nevertheless, the overall characteristics of the N2O emission A schematic representation of the procedure adopted to estimate the timing of N2O emission. The procedure for the estimation of the timing of N2O emission is described for a typical daily fertilization period and the corresponding typical timing of N2O emission. The start a and end b of emission were assumed to occur when the emission rate increased or decreased, respectively, beyond a particular threshold c , which represents the average greenhouse atmospheric N2O concentration converted to an hourly emission rate from the sampling chamber (i.e., 0.11 mg-N2O h 1 m 2 ). pattern (e.g., start and peak times of emission and RSE2h) remained the same as those for daytime fertilization (Fig.  4) . However, the emission rate at nighttime (44.0 mg-N2O h 1 m 2 ) was almost double that observed in daytime (Experiment 1 of Table 2 ). Consequently, both TNE and RNL for nighttime fertilization (82.4 mg m 2 d 1 and 9.1% in average, respectively) were double those observed for daytime fertilization (Experiment 1 of Table 3) .
Effects of fertilization concentration and biomass on N2O emission When the fertilization concentration was reduced to half that under the standard fertilization condition, N2O emissions decreased drastically to reach values that were less than half those observed under the standard condition (Fig. 6 ). In particular, the first one or two emission peaks of each day were no longer visible and the average of peak emission rate (1.1 mg-N2O h 1 m 2 ; Experiment 2 of Table  2 ) was one-fifth that observed under standard fertilization conditions (6.0 mg-N2O h 1 m 2 ). Difference in RSE2h between the half-concentration condition (82 87%) and the standard condition (89 94%) was not significant. Respective of TNE and RNL under the standard fertilization were 13.4 mg m 2 d 1 and 1.5%, on average, whereas those under the half-concentration conditions reduced significantly to 2.6 mg m 2 d 1 and 0.6%, on average (Experiment 2 of Table 3 ). The timings of the start, peak, and end of emission under the half-concentration condition were broadly similar to those observed under the standard fertilization condition whenever the peaks were detectable (Fig. 6 and Experiment 2 of Table 2 ). Interestingly, a water application, in which an amount of water (i.e., without nutrients) equal to the amount of fertilizer was applied under the standard fertilization condition soon after the nighttime fertilization, induced considerable N2O emission (Fig. 7) : in this case, the peak emission rate was 10.5 mg-N2O h 1 m 2 . However, no additional visible peaks appeared after further water application (i.e., after three water applications had been conducted in total). For the period from the first Environ. Control Biol. Fertilization times and concentrations (given as mean standard deviation. The number of samples are shown in parentheses) for the start, peak, and end of N2O emission. Asterisks denote significant differences (*: P 0.05, **: P 0.01, ***: P 0.001) between standard fertilization and other conditions within the same row based on t-tests or Dunnett's multiple comparison. z Ratio of the sum of emission achieved within 2 h after each fertilization to total emission in the same day.
y The timing of the start of emission and peak emission is shown only for cases in which peaks were detectable.
Table 3
The total daily N2O-N emission and the rate of total N loss x The ratio of lost nitrogen to applied nitrogen. Asterisks denote significant differences (*: P 0.05, **: P 0.01, ***: P 0.001) between standard fertilization and other fertilization conditions within the same row.
water application to just before the next standard fertilization (i.e., 21 h in total), TNE was 14.1 mg m 2 (data not shown).
The results also demonstrate that, when biomass was reduced to almost half that under the standard fertilization condition without any change in rhizosphere biomass, the N2O emission rate increased significantly (Fig. 8) . Difference in RSE2h between the reduced-biomass condition (97 98%) and the standard condition (89 94%) was not significant. It was noteworthy that the peak emission rate under the reduced-biomass condition (11.2 mg-N2O h 1 m 2 on average; Experiment 2 of Table 3 ) was almost twice of that under the standard fertilization condition (6.0 mg-N2O h 1 m 2 ). The timing of the end of emission tended to occur earlier (330 420 min) under the condition than under standard conditions (450 510 min); however, the start of and peak in emissions occurred at similar times to those under the standard fertilization condition (Fig. 8 and Experiment 2 of Table 2 ). TNE and RNL under the reduced-biomass conditions were 21.4 mg m 2 d 1 and 2.4%, respectively, on average (Table 3) .
Effects of fertilization duration on N2O emission
In cases where the total daily fertilization period was split into two periods (i.e., one lasting 1 h and one lasting for 4 h continuously), two peaks in N2O emission were Vol. 52, No. 3 (2014) observed (Fig. 9) . In each case, the earlier peak (corresponding to fertilization lasting 1 h) was sharp, similar to the peaks found under the standard fertilization condition, whereas the latter peak (corresponding to continuous fertilization lasting 4 h) was peculiarly broad and often exhibited small sub-peaks superimposed on the broad major peak.
The maximum N2O emission rate for a given day usually occurred soon after the beginning of the associated continuous fertilization period; subsequently, the emission rate decreased gradually until fertilization ceased, at which point it decreased rapidly toward the background level established under the standard fertilization condition. After this rapid decrease, the emission rate tailed off more gradually than that under the standard fertilization condition. In fact, the end of emission was delayed considerably under the continuous fertilization condition, with an end time of 630 690 min compared to the 210 270 min under the standard condition (Experiment 3 of Table 2 ). Furthermore, RSE2h (93 94%) was similar to that under the standard condition (97 99%). Interestingly, the maximum N2O emission rate induced by the continuous fertilization was similar to that observed under the standard condition ( Fig. 9) : the peak emission rate under the continuous and the standard fertilization conditions was 7.8 and 6.5 mg-N2O h 1 m 2 on average, respectively (Experiment 3 of Table 2 ). Additionally, TNE and RNL under the continuous fertilization condition (9.9 mg m 2 d 1 and 0.9% on average, respectively) were not significantly different to those under the standard condition (9.4 mg m 2 d 1 and 1.0% on average, respectively; Experiment 3 of Table 3 ).
Even in cases where the fertilization duration was reduced to half that under the standard fertilization condition, the peak N2O emission rate (8.0 mg-N2O h 1 m 2 ) and TNE Tables 2 and 3) . Similarly, RSE2h varied little between fertilization durations of 0.5 h (94 96%) and 1 h (97 99%). Conversely, emission ceased sooner after fertilization that proceeded for only half an hour (90 150 min) than under the standard condition (i.e., 210 270 min; Fig. 10 and Experiment 3 of Table 2 ). Furthermore, RNL under the half-hour fertilization condition (1.9% on average) was almost twice that under the standard condition (1.0% on average; Experiment 3 of Table 3 ).
DISCUSSION
N2O emissions as a quick response to fertilization
In contrast to the commonly observed fertilizationresponsive N2O emissions, which occur over hours to days (e.g., Eichner, 1990; Sehy et al., 2003; Mosier et al., 2004; Conant et al., 2013) , we found the emissions in our study to be closely synchronized with fertilization. In fact, the number of N2O emission peaks in a given day was found to exactly reflect the frequency of fertilization, for up to 14 peaks per day (Figs. 4, 5, 7 9) . When fertilization was applied at nighttime rather than in the daytime, a corresponding shift in the timing of emissions was observed (Fig. 4) . In addition, the entire process of N2O emissions responded extremely rapidly to fertilization, regardless of the timing or duration of fertilization. N2O emission rates started to increase within 30 min and peaked within 90 min from the beginning of fertilization in all cases, irrespective of experimental conditions (Fig. 4 and Table 2 ). The RSE2h was maintained at a relatively constant level (more than 82%) in all instances (Table 2) .
The disparity in response times between previous studies based on soil cultures and the present study may be attributed to differences in the fertilization attainability between the two environments. In soil cultures, fertilization typically involves dispersing (or plowing) solid nutritional components into the soil, where the water content, which is considered to be a crucial factor for N2O emissions, varies depending on conditions such as precipitation and irrigation. Such factors may delay the timing of N2O emissions in a way that direct N application does not (Dobbie et al., 1999; Bateman and Baggs, 2005; Scheer et al., 2008) . Conversely, in hydroponics, nutritional components are always presented as ions dissolved in water, which can be taken up readily by most organisms. In this context, Hosono et al. (2006) and Hosono and Hosoi (2008) ob served N2O emissions from soil-based tomato cultures using a flow-through chamber system. They demonstrated a significant acceleration in the emission timing (i.e., from 1 3 days to 1 12 h after fertilization) by changing the fertilization style from a traditional solid fertilizer dressing to a water-dissolved fertilizer dressing. Hosono et al. (2006) also observed the effects of fertilization frequency on daily N2O emissions in a soil-based culture. At most, they applied fertilizer eight times a day (every 1 h during the daytime as a water-dissolved fertilizer Environ. Control Biol. dressing); however, the detected N2O emission peaks combined with one another such that only one large peak was observed, even though the monitoring frequency was higher than the fertilization frequency. This discrepancy in peak detectability between the results of Hosono et al. (2006) and the present observations may be explained by differences in physicochemical properties between soils and rockwool, such as the fertilizer/water retentivities and hydraulic conductivities (Fonteno and Nelson, 1990) . It is well known that soils are complex combinations of organic and non-organic materials; thus, soils contain many functional groups that can capture fertilizers (e.g., Spogito, 2008) . Moisture characteristic curves of rockwool have been shown to be similar to those of sandy soil (Yamanaka, 1991) . Furthermore, water-filled pore space (WFPS), C/N ratio, and oxygen concentration also play important roles in N2 O emissions (Fonteno and Nelson, 1990; Daum and Schenk, 1996a; Bateman et al., 2005; Hosono et al., 2006; Guo et al., 2013) . Accordingly, rockwool may possess properties that promote the utilization of N sources, resulting in more rapid increase/decrease of N2O emissions in rockwool than in soil. In this context, we made two important observations from the result of supplying only water after nighttime fertilization (Fig. 7) . First, we observed one obvious peak synchronized with the water supply. This indicated that although a certain level of N remained in the rockwool after the end of the nighttime fertilization, the N2O emissions ceased when fertilization was stopped and restarted with the water supply. Second, no emissions were observed after the consumption of the remaining N, even if abundant water was supplied. This indicates that most of the remaining N was consumed by the plants and/or bacteria, at least until the second water supply. Taken together, it is probable that, in addition to the N supply, the physicochemical properties of the rockwool were important factors in the specific N2O emissions in the rockwool culture.
Rate and total amount of N2O emissions in relation to fertilization quantity
Although our present results demonstrated a high responsiveness of N2O emissions to N fertilization, the rate and total amount of the N2O emissions did not always reflect the fertilization quantity. For instance, when we reduced the fertilizer concentration by only one-half, we found that the first one or two N2O emission peaks each day disappeared, and that even the visible N2O emission rates and TNE decreased to one-fifth of those observed under the standard fertilization conditions (Fig. 6 and Table  3 ). In addition, the average N2O emissions varied by 1.0 4.6% of the applied N in three trials under the standard conditions (Table 3) . Such inconsistency between the N2O emissions and fertilization can be explained with reference to a balance among applied N volumes (or N availability), crop demand, and microbial consumption. More precisely, crop uptake and microbial consumption share the applied N at a constant rate, and the N2O emissions increase linearly with the applied N volume until the applied N volume exceeds crop demand (Smith et al., 1998) . Once the applied N volume exceeds crop demand, crop uptake becomes constant, and only microbial consumption increases, inducing prominent N2O emissions (Daum and Schenk, 1996b; Chantigny et al., 1998; McSwiney and Robertson, 2005) . Thus, our standard fertilization conditions likely exceeded crop demand, such that much of the fertilizer was being consumed by bacteria, whereas the amount of fertilizer applied under the half-concentration conditions may be within the optimum range required to satisfy crop demand, with little left over for consumption by bacteria. In addition, it is possible that variations in crop conditions in the three trials under the standard conditions, such as crop size and vigor, influenced the balance between applied N volumes and crop demand (Table 3) . Notably, the crop size was sequentially greater in subsequent experiments (data not shown). The role of balance in N2O emissions was also supported by the results of Experiment 2, in which clear increases in N2O emission rates and RNL were observed in response to a reduction in biomass (Fig. 8 and Tables 2 and 3) .
The peak N2O emission rate, TNE, and RNL were similar under both conditions, although the TNI in the continuous fertilization condition increased by 25% compared with that in the standard conditions ( Fig. 9 and Tables 2  and 3) . At this time, almost half of the nutrient solutions applied under the continuous fertilization conditions overflowed (i.e., exceeded plant demand) and accumulated at the bottom of the plant growing pot (data not shown). Thus, no additional N2O was emitted even with an abundant N source. A similar observation in hydroponics was reported by Daum and Schenk (1996b) ; the N supply at half the optimum concentration for cucumber growth induced a clear reduction in the N2O emissions compared with the case with optimum N supply, while the increase in N supply to double the optimum concentration induced emissions similar to the case with optimum N supply. They explained that the N overdose induced no gain in N2O emissions because of a limited C-source under the hydroponic conditions, and an increased concentration of nitrate. On the other hand, McSwiney and Robertson (2005) demonstrated a limitation of the increase in N supply-induced N2O emissions for maize soil culture (i.e., the N supply-induced N2O emissions showed a plateau after the applied N reached the optimum concentration). They supposed that the limitation is a result of changes in the process controlling N availability or N2O production, or an increase in N sinks, such as microbial immobilization or luxury consumption by the crop.
Interestingly, the half-hour fertilization conditions in the present study produced a similar peak of N2O emission rate and TNE to that observed under the standard conditions ( Fig. 10 and Tables 2 and 3) ; however, RNL under the half-hour fertilization conditions was almost double the value under the standard conditions. These results are in contrast with the case under the half-concentration conditions, even though both conditions supply the same TNI (Tables 2 and 3 ). It is likely that bacterial activity in the half-hour fertilization conditions was almost the same as that in the standard conditions. Conversely, the increase in RNL may reflect a decrease in N uptake by the crop. These could be explained by an attribute of N uptake in the plants and microbes. On a short timescale, soil microbes compete better than plants for the added N (Hodge et al., 2000) . The NH4 and NO3 uptake by microbes are five and two times faster than those by plants, respectively (Jackson et al., 1989) . In addition, changes in conditions induced by the shorter fertilization period, such as a prolonged duration of lower water content in the rockwool, might work in the microbes' favor.
Lastly, RNL in the present study varied by 0.6 9.1% of the applied N (Table 3) . These values were comparable to those observed for soil-less cultures of cucumbers (5 13%; Daum and Schenk, 1996a) but larger than those observed for field cultivations (0.001 6.84%; Eichner, 1990 ) and a soil-based culture in a greenhouse (0.11 0.19%; Hosono et al., 2006) . Such incompatibility in RNL among these observations can be understood as a larger divergence between fertilizer amounts and crop demand. In another words, the incompatibility is attributable primarily to the provision of excess nutrients in soil-less cultures. On the other hand, when the RNL values obtained in the present study were compared with those observed under each of standard conditions, conditions of nighttime fertilization, halved biomass, and half-hour fertilization demonstrated larger values, whereas half-concentration fertilization conditions demonstrated smaller values. These observations suggest a decrease in the N2O emissions and an increase in the N-use efficiency. Accordingly, further monitoring of N2O emissions with precise, short-interval measurements should be adopted to establish a better fertilization system. In the future, the monitoring should allow us to determine the optimum fertilization timing and quantity, which changes with time according to crop demand.
